ABSTRACT
INTRODUCTION
One of the main goals of post-genomic research is to determine the three-dimensional (3D) structure of the complete proteome of an organism, starting by solving the structures that have little or no sequence similarity to proteins of known structure (Montelione and Anderson, 1999; Terwilliger et al., 1998) . Among these structures will be proteins of unknown function (Hwang et al., 1999; Zarembinski et al., 1998) . Thus, the ability to predict the function of a protein based on its structure would greatly assist our understanding of the proteome of such organisms, and allow generalization of the possible roles of these proteins to other organisms.
The characterization of the 3D structure of proteins is fundamental to understanding the relation between structure and function in proteins. The 3D structure of a protein generally provides more information about its function than its sequence, because amino acid residues that are close in space but distant in sequence are frequently responsible for the main interactions between proteins and other molecules (Sánchez andŠali, 1998) . This is probably the principal reason why structure is more conserved in evolution than sequence (Chothia and Lesk, 1986) .
Various approaches have been used to characterize the 3D structure of proteins, taking as their basis concepts such as packing density, packing interactions, atomic volume, and solvent accessible surface (Richards, 1977; Rose et al., 1985; Behe et al., 1991; Nicholls et al., 1991) . Recently, the concept of occluded surface packing was introduced and applied to the study of protein structure (Pattabiraman et al., 1995; Fleming and Richards, 2000) . Other measures used to characterize the 3D structure of proteins are the coefficient of compactness (Zehfus, 1993 (Zehfus, , 1994 Zehfus and Rose, 1986) , the characteristic ratio of a polymeric chain (Sperling, 2001; Flory, 1953) and the radius of gyration (Flory, 1953) . The compactness of a chain has also been measured from the degree of bond-bond crossing or 'overcrossing' in a two dimensional (2D) projection of the polymer backbone (Arteca and Mezey, 1992; Arteca, 1993 Arteca, , 1995 . This method was recently used to characterize fold diversity among proteins with the same number of amino acid residues (Arteca and Tapia, 1999) and to the analysis of molecular dynamics trajectories of proteins in vacuo (Arteca and Tapia, 2000) . The use of the geometry of a chain to construct so-called distance/distance matrices has been proposed for characterizing the folding of lattice chains representing proteins Krilov, 1997, 1999) , and protochirons (Balaban, 1997) have recently been used for coding certain chemical structures (Balaban and Rücker, 2001 ). Other descriptors have been introduced to characterize the compactness of a protein structure; however, these are of limited value because they are applicable only to lattice models (Wang and Yu, 2000) .
The surface area and radius of gyration have been successfully used to predict protein function from structure for a set of proteases (Stawiski et al., 2000) and the occluded surface packing has been used to study the internal packing of helical membrane proteins (Eilers et al., 2000) .
The folding degree of a chain is an intuitively simple concept that could be very useful for quantitatively describing the shape of a chain. The purpose of the present study is to formulate a new method for characterizing the folding degree of a protein chain.
MOTIVATIONS
The folding degree of a protein is determined by the conformation of its main-chain atoms, without regard to the conformation of its side chains. Consequently, the degree of protein folding is related to the secondary and supersecondary structure of a protein, in clear contrast to the concept of protein packing, which is related to the tertiary structure. Proteins contain regions where the secondary structure is organized into helices and strands joined together by loops. The content of secondary structure can therefore be measured by calculating the percentage of the total number of residues in a given domain that are found either in a helical or strand conformation (Kabsch and Sander, 1983) . The percentages of helix and strand in a protein serve as a preliminary measure of its folding degree. For example, a high percentage of helix and low percentage of strand indicate that the protein has a large folding degree. However, in spite of the usefulness of this approach in several protein problems including the classification of globular proteins (Zhang and Zhang, 1998) , it has several limitations as a quantitative measure of the folding degree of a protein. The percentage of secondary structure does not reflect the differences in folding degree between the various types of helices and strands that exist in proteins. Consequently, the percentage of helix encompasses in one number the percentages of three types of helix (α-, 3 10 -and π-helix), and the percentage of strand encompasses the percentages of two types of strand (parallel and anti-parallel). In addition, the folding degree of the loops that connect the helices and strands remains unquantified by this approach.
It is difficult (in some cases impossible) to compare the folding degree of some proteins by using these percentages. For instance, the protein with the Protein Data Bank (PDB) code (Bernstein et al., 1977) 2ak3A contains 46% helix and 17% strand, and the protein with PDB code 1tph1 contains 45% helix and 16% strand. If we try to compare the folding degrees of these proteins according to their percentage of secondary structure we encounter the following problem. According to the percentage of helix the protein 2ak3A is more folded because it has 1% more helix than 1tph1. However, according to the percentage of strand protein 1tph1 is more folded because it has 1% less strand than 2ak3A.
Another possible measure of the folding degree of a protein is the square root of the mass-average of the squared distances from the center of mass of the main chain to each of its atoms (i.e. the radius of gyration of the chain, R G ) (Flory, 1953) . However, this measure does not quantify the folding degree of the chain but rather its compactness with respect to the center of gravity. In fact, different chains can have the same values of R G , even when they have different percentages of secondary structure. For example, the proteins with PDB codes (Bernstein et al., 1977) 2m6g and 1cus both have backbones with a radius of gyration of R G = 15.087, yet their percentages of helix/strand are 74/0 and 44/15, respectively, indicating that 2m6g is much more folded than 1cus. In general, we have found a complete lack of correlation between the radius of gyration of a chain and the percentage of secondary structure in the protein. A figure illustrating this lack of correlation is given as supplementary information material (estrada66@yahoo.com).
The conformation of the polypeptide chain of a protein, which is what determines the folding degree of the protein, can be parametrized by the values of the three dihedral angles ψ, ω and φ (see below for an explanation and illustration). A dihedral angle is measured as the rotation of one plane with respect to another. In general the dihedral angle ω equals 180 • , with a few exceptions primarily in peptidyl proline. Thus, in practice the secondary structure of a protein is defined by the angles ψ and φ. However, in the general case of a chain C, the sum of all the dihedral angles can be used as an appropriate measure of the degree of chain folding. To avoid the problems that arise from the different signs of the dihedral angles determined by rotating the planes clockwise or counter-clockwise, here we will consider the cosines of the angles instead the angles themselves. Thus, the folding degree can be measured by the sum of cosines of dihedral angles (SDA) of the mainchain atoms:
where ϕ j is the dihedral angle and the sum is carried out over all the N dihedral angles of the chain. However, this simple and intuitive index cannot differentiate between chains with different folding degrees but the same list of dihedral angles. For example, the SDA index cannot distinguish between polypeptide chains that differ in the position of proline in the syn conformation (Fersht, 1999) .
In Figure 1a and b we show a hypothetical fully extended tri-peptide composed of two any aminoacids (Any) and one proline (Pro) in the syn conformation at two different positions: (syn)-AnyAnyPro-and (syn)-AnyProAny-. The syn conformation of proline is characterized by a value of 0 • in the ω dihedral angle that defines the peptidyl bond between Any and proline. As shown in this figure, the SDA index is the same for the two different chains. In fact, the SDA index will be the same for any two arbitrary chains that differ only in the position of a syn-proline. A generalization of this problem of the SDA descriptor, and its solution using the index proposed in the current work, will be discussed later in this paper.
Here we will use the SDA as a starting point from which to introduce a new folding degree index based on the spectral moments of a nearest-neighbour matrix representing the dihedral angles of the chain. The proposed index shows a number of advantages for characterizing the folding degree of proteins.
THEORETICAL METHODS
Consider a polypeptide chain with dihedral angles ψ, ω and φ, as illustrated in Figure 2a . The atoms in this chain can be represented as vertices of a graph chain C = (i, j, k, l, m, . . . , N ) with N nodes as illustrated in Figure 2b . Now, we consider the dihedral angles ψ, ω and φ as the vertices of a new chain C . The vertices of the chain C are linked by 'pseudo-bonds' that connect the successive dihedral angles in such a way that two nodes in C are nearest neighbours if the corresponding angles are successive (Estrada, 2000) , as illustrated in Figure 2c . Accordingly, the total number of nodes in the chain C is N = N − 3. A similar reduction of a polypeptide chain to graphs whose vertices represent elements of the chain has been previously reported. For example, the polypeptide chain of a protein has been considered as a chain of Cα atoms linked by pseudo-bonds between the Cα atoms of the successive amino acid residues (Oldfield and Hubbard, 1994; De Witte and Shakhnovich, 1994) . More recently, α-helical proteins have been modelled as connected graphs in which each helix is represented by a vertex, and an edge is drawn between two vertices if the corresponding helices are in contact (Fain and Levitt, 2001) . The adjacency between the vertices of the chain C can be represented through a square symmetric matrix A = A(C ) whose non-diagonal entries have a value of 1 if the corresponding vertices are adjacent and 0 otherwise. The diagonal entries of this matrix represent the corresponding dihedral angles of the main chain of the protein. For instance, in the case of a dipeptide this matrix will have the following form when we consider the cosines of the angles instead of the proper angles (see Figure 2c) :
The sum of the diagonal entries of a matrix is known as the trace Tr of the matrix. It is straightforward to realize that the trace of A defines the descriptor SDA. In general, the trace of the kth power of a matrix is known as the kth spectral moment, µ k , of the matrix (Estrada, 1996 (Estrada, , 1997 (Estrada, , 1999 . Thus µ 1 = SDA, and in general
A folding degree index can be introduced here by summing over all the spectral moments of A divided by the factorial of the order of the moment so as to avoid the excessive weight of the higher order moments:
In order to avoid the sum over an infinite number of spectral moments we transform Equation (3) into an equivalent expression by means of the sum of the eigenvalues of the A matrix, which is identical to the definition previously given by Estrada for this index (Estrada, 2000) :
where λ i are the eigenvalues of A. The index I 3 is calculated using this equation.
DATABASE
The 3D structures of 60 proteins (domains) were taken from the PDB (Bernstein et al., 1977) . The PDB codes for these proteins are: 3sgbI, 1pgb, 1ropA, 7pti, 3ebx, 1cseI, 3il8, 1pk4, 1cmbA, 1aaj, 1fkb, 1ccr, 2hmzA, 2rspA, 1srgA, 1pmy, 3chy, 1ifc, 1rsy, 1eca, 2end, 3sdhA, 1cobA, 2rn2, 1gpr, 119l, 1cpcA, 1huw, 1lki, 2scpA, 1lenA, 1rec, 1knb, 1cus, 1iag, 1thv, 3cla, 2gstA, 2ak3A, 1tph1, 4blmA, 2dri, 1tml, 1fnc, 2ctc, 1ede, 1trb, 1frpA, 1apvE, 1apmE, 1gox, 2bbkH, 2mnr, 1fbaA, 1php, 4enl, 1pii, 3cox, 1aozA, 1cdg . They contain from 50 to 686 amino acid residues and were chosen at random from the selection of 152 proteins compiled by Fleming and Richards (2000) . The I 3 index is calculated from the Cartesian coordinates of the backbones of these proteins using a program developed in our laboratory. The radii of gyration used here for comparisons were calculated only for the backbones of the proteins. The secondary structure content of each protein was obtained from the PDBFINDER database (Hooft et al., 1996) .
RESULTS AND DISCUSSION
The folding degree index I 3 was designed to have several useful characteristics. First, this index is invariant to chain orientation, i.e. the index has the same value regardless Fersht, 1999. of the numbering of the vertices of the chain. Second, the use of the cosine of the dihedral angles causes I 3 to have a maximum value for the most folded structure and a minimum value for the least folded one. This is a consequence of the fact that the cosine function has a maximum value (1) at 0 • and a minimum value (−1) at 180 • . In addition, the I 3 index is expected to vary smoothly with the variation of the dihedral angles, because the cosine function decreases smoothly when the angle is changed from 0 • to 180 • . The number of conformations of the polypeptide chain in a protein are restricted by steric clashes. Thus, the dihedral angles ψ and φ are restricted to some preferred values that can be illustrated in a 2D Ramachandran diagram, as shown in Figure 2d (see Fersht, 1999, pp. 18-19) . The least folded conformation of the polypeptide is the hypothetical fully extended structure, which is in the top right-hand corner of the Ramachandran plot. Intuitively, the most folded structure is located at the centre of the diagram where the angles ψ and φ have values of 0 • , indicating a closed structure. In Table 1 we give the values of the dihedral angles together with the corresponding folding degree index I 3 for a range of dipeptide conformations. As can be seen, the folding degree index correctly identifies the fully extended structure as the least folded one, with the two strand conformations showing higher levels of folding and the helices displaying the most folded structures in a polypeptide chain. The I 3 index is able to differentiate among the different strands and helices in a manner that coincides with the intuitive ideas related to the position of these structures in the Ramachandran plot.
Another point of interest is related to the advantages of using spectral moments in the calculation of the index I 3 instead of the simple sum of dihedral angles as in the SDA descriptor. If we calculate the folding degree index for the chains A and B in Figure 1 , which gave the same value of the SDA descriptor, we find that these proteins have values of I 3 = 1.4622 for (syn)-AnyAnyPro-and I 3 = 1.4713 for (syn)-AnyProAny, indicating that (syn)-AnyProAny has a more folded structure. Hence, the folding degree index gives a solution to a problem that cannot be solved using the simple sum of the dihedral angles, SDA. This represents just one example of a general problem that cannot be solved by means of the sum of dihedral angles of the protein main chain. This problem can be formulated as follows. Let A, B and C be three different conformational regions of a polypeptide chain, e.g. helices, strands or loops. Thus, three different 3D structures not related by symmetry can exist for this chain: A-B-C, A-C-B and B-A-C. These three structures have identical values of the sum of dihedral angles, i.e. they cannot be distinguished by SDA. For example, if we consider the tri-peptide chains in which two amino acids adopt a helix (H) conformation and one amino acid adopts a strand (E) conformation we will have two chains not related by symmetry: HEH and HHE. These chains are shown in Figure 3 together with the values of SDA and I 3 for each chain. The chains have identical values of SDA but are well differentiated by the folding degree index, which indicates that the HEH chain is more folded than HHE. In general, the number of chains that are not differentiated by SDA increases with chain length, which makes this index inappropriate for use in comparing the folding degree of real proteins. The previous result is also important for the consideration of other indices characterizing the conformation of a polymeric chain such as the Flory's characteristic ratio C M (Sperling, 2001; Flory, 1953) . It is defined as the ratio of the mean-square end-to-end distance, r 2 of a linear chain to the sum of the squared bond lengths over the backbone bonds of the chain: M·L 2 , where M = N −1 is the number of bonds and L the bond length. The end-to-end distance is the length of the vector connecting the two ends of a linear chain. When bonds lengths and angles in the backbone are fixed to L and θ , respectively and the dihedral angles are severely restricted by steric interferences between successive units of the chain (a situation common in proteins) the characteristic ratio can be expressed as (Flory, 1953) 
where cos ϕ represents the average value of cos ϕ. In the language used in the current work cos ϕ = SDA/(N − 3). Consequently, the characteristic ratio depends only on the SDA value and it will have the same problems in differentiate the chains that SDA is unable to differentiate. The calculation of the I 3 index for the 60 proteins taken from PDB (Bernstein et al., 1977) was carried out following the procedure explained above. The list of the I 3 values, together with the PDB codes and the percentages of helix and strand (Hooft et al., 1996) are given in a table as supplementary information material (estrada66@yahoo.com). The independence of the folding degree index with respect to the protein size as measured by the number of residues is also illustrated in a figure given as supplementary information material (estrada66@yahoo.com).
The relation between I 3 and the secondary structure of proteins is illustrated by its correlation with the percentages of helix and strand in these proteins. The percentage of helix and the percentage of strand of the studied proteins are linearly related to the I 3 index (%Helix = −256.1 + 97.2 I 3 , %Strand = 228.5 − 68.7 I 3 ) with correlation coefficients of r = 0.937 and r = 0.941 and standard deviations of 8% and 5.5%, respectively (see Figure 4) . According to the values of the squared correlation coefficients the folding degree index is able to explain about 87.7% and 88.5% of the variance in the percentages of helix and strand of these proteins, respectively. The I 3 index increases with increasing percentage of helix and decreases with increasing percentage of strand, indicating that I 3 varies systematically with changes in the folding degree of the proteins. We recall that the radius of gyration of the chain shows no correlation with the percentage of secondary structure for the same set of proteins, which clearly indicates the lack of dependence between the folding degree index and the radius of gyration of the chain.
As stated above, a good measure of the folding degree must not only be sensitive to the percentages of helix and strand in a protein, it must also be able to account for changes in the global folding of the protein when the secondary structure remains unaltered. index for this important feature we studied the structure of ribonuclease A at nine different temperatures (Tilton et al., 1992) . Table 2 lists the PDB code, temperature, radius of gyration and I 3 index for each of the nine temperatures. The percentage of secondary structure in the ribonuclease A is the same at each of the temperatures studied, i.e. helix = 21% and strand = 35% (Hooft et al., 1996) . However, the folding degree index shows a strong linear correlation with the temperature (correlation coefficient r = 0.905), indicating that the increase of the temperature caused a decrease in the folding degree of the protein. It is noteworthy that this phenomenon is better described by the folding degree index than by the radius of gyration of the protein backbone, which has only a modest correlation coefficient (r = 0.816).
Another interesting question that can be solved using the index introduced here for polypeptide chains is that related to the conservation of the folding degree across related proteins with small sequence homology. It has been shown by Fleming and Richards (2000) in their analysis of packing in protein families that lysozymes pack more efficiently than alcohol dehydrogenases or dihydrofolate reductases. This result, obtained through comparison of the occluded surface packing, prompted us to calculate the values of the folding degrees of the proteins studied by Fleming and Richards (2000) . As shown in Figure 5 , the results indicate little variation in the folding degree within each family, with standard deviations of 0.52% for alcohol dehydrogenase, 0.53% for lysozymes and 1.03% for dihydrofolate reductase (the variations in the occluded surface packing were also under 5%). The B. cereus alcohol dehydrogenase (1uok) has a sequence homology of only 35% with the human alcohol dehydrogenase (1deh); however, their folding degrees differ by only 1.6%. We conclude that the folding degree is reasonably well conserved within protein families, even in cases with little sequence homology.
CONCLUSION
The characterization of the folding degree of protein chains is a necessary for the complete understanding of the influence of the 3D structure on the function of proteins. The I 3 index introduced here shows several useful features as a measure of the folding degree of a chain. It is related neither to the chain length nor to other descriptors of chain 'compactness' such as the radius of gyration. In addition, the I 3 index shows good correlation with the percentages of helix and strand in several proteins taken from PDB, and quantifies the degree of folding of these chains in complete agreement with chemical intuition. differentiation of protein families. Consequently, we think that the work presented here represents a step forward in the characterization of the 3D structure of proteins.
